The Romans built ancient culverts beneath roads and aqueducts. The hydraulic operation of a large culvert, built around the 1st century A.D. beneath the Nîmes aqueduct, is described. The investigation shows the advanced design of an ancient multicell structure with a large discharge capacity equivalent to about 12 times the aqueduct maximum discharge capacity.
Introduction
A culvert is a covered channel of relatively short length designed to pass water through an embankment, e.g., a road or a dam. Its purpose is to safely carry flood waters, drainage flow, and natural streams below the earthfill structure. Although the world's oldest culvert is not known, the Minoans and the Etruscans built ancient culverts in Crete and Northern Italy, respectively ͑Evans 1928; O'Connor 1993͒. Later the Romans built numerous culverts beneath their roads ͑Ballance 1951; O'Connor 1993͒. The construction of a culvert was favored for small water crossings whereas a bridge was preferred for longer crossings. Common culvert shapes were the arched design and the rectangular ͑or box͒ culvert ͑O'Connor 1993͒. The Romans also built culverts beneath aqueducts. Table 1 give a summary of well-documented drainage culverts and small bridges that supported aqueducts. Fig. 1 illustrates one example.
In the present study, the hydraulic design of a large box culvert built beneath the Nîmes aqueduct is presented. It is shown that the structure was an unique example of a Roman aqueduct structure, that the design was reliable, and that Roman engineers had sound drainage engineering skills.
Nîmes Aqueduct
The Roman aqueduct supplying the city of Nîmes ͑Colonia Augusta Nemausus͒ is one of the best documented aqueducts. Classical studies include those of Esperandieu ͑1926͒, Hauck ͑1988͒, Smith ͑1992-1993͒ and more importantly the multidisciplinary work of Fabre et al. ͑1991, 1992 . The fame of the aqueduct is connected with its crossing of the Gardon river, i.e., the Pont du Gard, which is the most famous three-tier Roman bridge, is still standing ͑O'Connor 1993͒. Despite some discussion, it is believed that the aqueduct was in use from the 1st century A. 
TECHNICAL NOTES
catchment area was very small: 0.028 km 2 .͒ While the aqueduct crossings of the Combe de la Sartanette and Combe Joseph were bridges ͑Table 2͒, the culvert was a multicell structure equipped with three rectangular cells with a total cross-sectional area in excess of 1.2 m 2 ͑Fig. 2͒. The cells were made of large limestone blocks placed on supporting pillars, or dividing walls, and were founded on worked bedrock ͓Fig. 1͑b͔͒. The upstream end of each dividing wall was cut into a chamfer and formed cut waters ͑Fig. 2͒. Note that the Bornègre Bridge on the Nîmes aqueduct, located between Uzès and the Pont du Gard, was composed of three arches ͑Table 2͒ with two center piers equipped with upstream cut waters. The writer visited both the multicell culvert and the Bornègre Bridge sites in September 2000. He believes that the cut waters of the culvert were better shaped. ͑The cut waters of the Bornègre Bridge were sturdier and less profiled that those of the multicell culvert, i.e., a 60°convergence angle at Bornègre and 45°at the culvert.͒
Discussion
Historians and archaeologists have no doubt that the multicell culvert was built in the early stages of the aqueduct ͑i.e., the 1st century A.D.͒. The excavation work showed no sign of refurbishment. Fabre et al. ͑2000, pp. 419-420͒ reported however that the culvert cells were progressively blocked during aqueduct operation. ͑But they did not elaborate on the causes of blockage, e.g., siltation, debris, man-made obstruction, etc.͒ During his site inspection, the writer noted that the culvert barrel was properly located at the trough of the valley and aligned with the combe axis. The cells had similar dimensions compared to modern precast concrete box culverts. Culverts were seldom used beneath aqueducts and the Vallon No. 6 culvert downstream of the Pont du Gard is an unique example. Its unusual features included a box culvert design of large dimensions, a multicell structure, and modern, sound design from a hydraulic perspective ͑see Hydraulics of the Culvert͒.
Hydraulics of Culvert
The hydraulic performance of the multicell culvert was estimated using modern culvert design calculations ͑see e.g., work by Chanson 1999͒. Modern box culverts are optimally designed for the smallest barrel size to allow inlet control operation. Hence calculations were conducted assuming inlet control operation and this is consistent with the steep upstream and downstream bed slopes ͑i.e. S o ϳ0.16͒ and relatively short barrel length. For an internal barrel height of 0.65 m, the culvert operated at free-surface inlet flow conditions for flow rates up to 2 m 3 /s, corresponding to upstream water depth of 0.78 m. For greater upstream flow depths, the barrel inlet was submerged. The calculations are summarized in Fig. 3͑a͒ , which shows the relationship between the discharge Q in the barrel and the upstream water depth d 1 . Fig.  3͑b͒ shows a typical free-surface pattern for submerged inlet conditions.
The results demonstrate a large discharge capacity. Considering a maximum acceptable upstream water depth of 2 m, the culvert could pass up to 4.2 m 
Discussion
In Table 2 , the characteristics of four crossings beneath the Nîmes aqueduct are summarized. Each crossing is characterized by a nonperennial stream in a karstic catchment ͑Cretaceous limestone͒. The catchment area and the maximum flood flow ͑if known͒ are listed in columns 3 and 4, respectively. At Vallon No. 6, the culvert could pass an intense storm event corresponding to a maximum effective rainfall intensity of nearly 540 mm/h which is consistent with observed maximum rainfall intensity of 800-900 mm/h in the nearby Cévennes range.
As a comparison, the mean annual rainfall near Nîmes has been about 700-800 mm for the last 50 years. During the same period, recorded intense rainfalls included 430 mm in 7 h ͑61 mm/h͒ on October 3, 1988 and 250 mm on October 12, 1990 ͑Fabre et al. 2000, pp. 160-161͒.
Summary
This study describes a large multicell culvert built by the Romans around the 1st century A.D. beneath the Nîmes aqueduct. The structure is unique; no comparable large-size multicell box culvert has been documented. Hydraulic calculations demonstrate sound design with a large discharge capacity ͑ϳ4 m 3 /s͒. The writer hypothesizes that the Roman engineers had some hydraulic experience, if not knowledge, in dealing with large storm water runoff and its conveyance in a culvert.
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Notation
The following symbols are used in this paper: d 1 ϭ upstream water depth ͑m͒; Q ϭ water discharge ͑m 3 /s͒ in the culvert; and S o ϭ bed slope. 
